The hnainmnce of a test within an inhomogencous ("¢heckerbeard') surround was adjusted to match the brightness of a comparison patch withil a anlferm snrrmmd. All stimuli were acla'em~¢. Beth surrounds had the same space.a~raged lamhumce. With an incremental comparison patch, a test-within-checkerboard at a lUmimmce between the lamlmm¢~ of the bri~ter mini dimmer checks appears dimmer than if viewed within the uniform glrrollnd. A decremeatnl comparison patch, however, is matched by ~ test iamlamu~ that is little affected by the inhomageneity of the surround. In general, the brightness of the test is mediated neither by the space.averaged luminance of an inhomageneous surround, nor by any equivalent uniform surround, regardless of luminance. We consider alternative models for the brightness of a region that is neither strictly an increment nor decrement with respect to contiguous surrounding surfaces.
INTRODUCTION
Brightness contrast is an effect of a background on a surrounded region. An underlying assumption of many contrast models is that a uniform background and a complex background of the same space-averaged luminance have an identical effect on a central test (Adams & Cobb, 1922; Wallach, 1948; Kulikowski, 1976; Burkhardt et al., 1984) . This implies that a background composed of more than one luminance has a constant effect, whether viewed from a distance at which it appears uniform or viewed at a closer distance at which it appears inhomogeneous.
This study examines the effect of inhomogeneous checkerboard surrounds on the brightness of a central test. The measurements demonstrate that an inhomogeneous background is not equivalent to its spatial average, or indeed to any uniform background. This conclusion is consistent with experiments done independently by Brown and MacLeod (1991) and Bruno (1992) .
The squares composing the checkerboard were varied in contrast and in size while holding the space-averaged luminance constant. The observer set the luminance of the test-within-checkerboard to match the brightness of a comparison patch within a homogeneous surround. The homogeneous surround had a luminance equal to the *Departments of Psychology and Ophthalmology and Visual Science, University of Chicago, 939 East 57th Slreet, Chicago IL 60637, U.S.A. tTo whom correspondence should be addressed.
space-average of the checkerboard. Separate measurements were made using comparison patches that were increments and decrements. Varying the contrast and the size (spatial frequency) of the checkerboards' squares reveals a qualitative difference between matches to increments and to decrements. Matches to increments depend strongly on the contrast and spatial frequency of the inhomogeneous surround while matches to decrements do not.
METHODS

Observers
Four observers were tested. All had normal acuity (one wore nontinted prescription glasses). Author J.S., a 36-yrold male, was knowledgeable about the experimental paradigm and had prior experience making brightness judgments using complex achromatic displays. Observers I.B. (27-yr-old female), E.J. (30-yr-old female), and J.C. (22-yr-old male) were not experienced observers, and were naive regarding the experimental design. To conserve space the data from observers J.C. and E.J. are not shown; their results are in close agreement with the reported measurements of J.S. and I.B.
Apparatus
Achromatic patterns were generated using a Macintosh II, and were presented on an accurately calibrated Apple 13" color monitor. The 640 × 480 pixel screen provided achromatic stimuli at CIE chromaticity x=0. --I red, green, and blue guns were linearized by using an 8-bit lookup table. A given chromaticity and luminance, set by software, did not vary appreciably over the effective viewing area. The luminance was approximately constant (___3%) within the central region of the screen that displayed the test and comparison patterns.
Stimuli
The monitor was viewed at a distance of 26.5" in a dark room. The CRT simultaneously displayed two backgrounds separated horizontally by a 2 deg gap on an otherwise dark screen (Fig. 1) . Each background was 8.1 × 8.1 deg. The left comparison background was set to a relative luminance of 50 (c. 20 cd/m 2) and appeared uniform gray. A 2.4 deg square comparison patch was centered within the left background. The relative luminance of the comparison patch was varied randomly by the computer from trial to trial, from 0 to 100. The right background was a checkerboard, with a spaceaveraged relative luminance of 50. A 2.4 deg square test patch was centered within the checkerboard background. The relative luminance of the test could be varied linearly by the observer. The contrast of the checkerboard* was varied from 0 (i.e. a uniform surround) to 100%, in 20% steps (relative lum of dim/bright checks of 50/50, 40/60, 30/70, 20/80, 10/90, 0/100) . Individual checks varied in size across conditions from 4.05 x 4.05 deg, creating a 2x 2 checkerboard background ( Fig. 1) , to 0.032 × 0.032 deg, creating a 256 x256 checkerboard background (Table 1) . The entire display always appeared to be under a single illuminant.
Procedure
Observers participated in several practice sessions prior to beginning the reported measurements. Head position was maintained with a chin rest. Observers dark adapted for 3 min and then light adapted for 3 min to a uniform field at the level of the comparison-background luminance (relative luminance 50). This was followed by the test and comparison images described above. An experimental session consisted of pseudorandomly presenting each comparison-patch luminance level (relative luminances of 0-100, in steps of 10) at each checker- board contrast (0-100%, in 20% steps). Three repetitions of each condition were tested in a session, and no more than two sessions were run per day. The mean for each condition within a session was taken as the measurement for that session. The mean and standard error plotted in the graphs are based on repeated measures over three sessions.
Observers used a method of adjustment to vary the luminance of the achromatic test patch to match the brightness of the comparison patch. In essence, they were told to adjust the test to appear identical to the comparison. They also were told to spend about the same amount of time looking at the right and left halves of the display by alternating their gaze between them about once every 2 sec. Observers controlled the test patch luminance by pressing separate buttons on a keypad. One button increased test luminance, another button decreased test luminance. A third button signaled that a satisfactory match had been achieved, at which point the test level was recorded and the trial ended. Between trials the CRT screen was uniform gray (20 cd/m 2) for 3 sec.
Then the next trial began. Each session took about I hr.
RESULTS
Experiment 1: Uniform vs 2 x 2 Checkerboard Backgrounds at Various Contrasts
The brightness of a test patch within a 2 x 2 checkerboard surround was matched to the brightness of a comparison patch within a uniform surround of the same space-averaged luminance. Results are shown in Fig. 2 for two observers. The horizontal axis shows the contrast of the checkerboard: C = (Lmax-Lmin)/(Lmax-FLmin). The two diverging heavy solid lines indicate the luminances of the two checks at the contrast on the horizontal axis. The vertical axis is the observer's setting of the test luminance that matched in brightness a fixed comparison luminance. The level of the comparisonpatch luminance is shown by the number along the data line, toward the left of the plot. The comparison's uniform surround was always 50. Open symbols in Fig. 2 indicate comparison patch increments, solid symbols indicate decrements.
A set of measurements falling along a horizontal line would indicate that checkerboards of varying contrast have an equivalent effect, as predicted if each checkerboard had the same effect as a uniform surround of the space-averaged luminance. Judgments are closer to this prediction for decrements than for increments (compare solid vs open symbols). With increments, the test patch luminance required to match a fixed comparison patch tends to increase with the contrast of the checkerboard. However, this occurred only when the test luminance was below the luminance of the more intense check (open symbols between the two heavy lines). For some observers there was also a slight decrease with contrast for incrementswhen the test luminance was above the luminance of the more intense check. Therefore, with increments, a complex background is not equivalent to its space-averaged luminance. The measurements show that observers often perceive a test increment within a uniform surround as "brighter" than the identical test within a checkerboard surround having the same spaceaveraged luminance as the uniform surround.
To consider whether observers selectively adapt to either the checkerboard or the uniform background, observers repeated their judgments by setting the patch within the uniform surround to match the brightness of a fixed patch within the checkerboard. We surmised that selective adaptation might occur to the background containing the patch adjusted by the observer because the observer may view that background for a longer part of each trial. As in the initial experiment, the relative luminance of the comparison patch, now within the checkerboard, was randomly varied by the computer from. 0 to 100 in steps of 10. The test within the uniform surround was adjusted by the observer for a match. As before, the contrast of the checkerboard was varied from 0% (i.e. a uniform surround) to 100%, in 20% steps. Results are shown in Fig. 3 (a) for observers J.S. and I.B. Judgments of decrements are closer to a horizontal line than judgments of increments, as in Fig. 2 . With increments, the test patch (now within the uniform background) was set to a lower luminance level when matched to a comparison luminance (within a checkerboard surround) that was between the luminances of the two checks, compared to when the same comparison level was greater than either check.
The results in Figs 2 and 3(a) are plotted together in Fig. 3(b) , which compares the luminance of the patch within the uniform surround (horizontal axis) against the luminance of the patch within the checkerboard surround (vertical axis), for the six checkerboard-contrast levels (for clarity each contrast level is offset by 50 on the horizontal axis). The high degree of overlap between measurements with the test-within-checkerboard (open square with cross) or test-within-uniform-surround (solid squares) indicates negligible selective adaptation to the field surrounding the patch adjusted by the observer. Fig. 3(b) shows good agreement between subjects and methods, thus making it possible to average across (i) subjects and (ii) the results in which the patch varied either within the checkerboard or uniform surround. Figure 4 conveniently summarizes these measurements by showing the difference between the luminance within the checkerboard surround vs the luminance within the uniform surround for any given match. There should be a zero difference if the checkerboard is equivalent to a uniform surround of the same space-averaged luminance. Decrements (i.e. when the luminance in the uniform surround is below 50) are close to this prediction. On the other hand, increments (i.e. when the luminance in the uniform surround is above 50) show an increase in the difference between uniform and checkerboard surrounds as checkerboard contrast increases.
Experiment 2: Size of Checks in Checkerboard
As check size decreases the checkerboard background approaches a uniform appearance. Data from observers J.S. and I.B. indicate that as check size is reduced, measurements approach a horizontal line. Results with a selected set of sizes (4 × 4, 32 × 32, 256 × 256 checkerboards) are presented in Fig. 5 . The effect of checkerboard contrast on the inducing effect, seen with increments [Figs 2 and 3(a)], falls off rapidly with the reduction of check size. The effect of varying checkerboard contrast declines well before reaching the resolution limit of the eye (Campbell & Green, 1965; Kulikowski, 1976) .* *Additional reduction of apparent contrast in high spatial frequency gratings is principally attributable to optical blurring (Campbell & Green, 1965; Kulikowski, 1976) . Earlier studies have also shown that absolute contrast constancy (i.e. canceling gratings) is continuously reduced as background spatial frequency increases (Blakemore et al., 1971; Georgeson & Sullivan, 1975;  for counter examples see MeCourt, 1982; Foley & MeCourt, 1985; Alexander et al., 1993) The principal finding of these earlier works is that low pass filtering or inhibitory interactions occur using spatial frequency selective mechanisms.
A salient feature of the current study is that decrements approach a horizontal line before increments in Figs 2, 3(a) and 5. This suggests that the spatial frequency mechanisms contributing to the appearance of increments are not identical to the mechanisms affecting decrements. Figure 6 (a) and (b) shows for two observers the test luminance settings for decremental (left panels) and incremental (right panels) comparison patches, as a function of the comparison-patch luminance. Each panel shows results for all check sizes at a single check contrast (0.6 or 0.8). The check size must be c~nsiderably smaller before increments approach the 45deg line through the origin, compared to decrements (~mpare right panels to left panels). These results emphasize the qualitative difference between increments and decrements with respect to the size (i.e. spatial frequency) of elements in the surround at which the checkerboard has an effect equivalent to that of a uniform field at the same spaceaveraged luminance.
Experiment 3: Any Uniform Background vs 2 x2 Checkerboard Background
The previous experiments show that a checkerboard surround is not equivalent to a uniform surround at the same space-averaged luminance. We next examined whether any uniform background might be an equivalent substitute for a 2 x 2 checkerboard, by replacing the checkerboard with a uniform field. Observers varied the luminance of a test patch centered within a variety of uniform surrounds (re lum range 10-90) to match the brightness of one of several incremental or decremental comparison patches within the usual fixed uniform surround (re lum 50). The dashed and dotted lines in Fig. 7 indicate measurements with a uniform test background (in place of the checkerboard background) at various background luminances (20, 30, 40, 50, 60, 70, 80) . Measurements with decrements (increments) are shown in the left (right) panels. The heavy solid line with open symbols is a plot of test measurements made with a checkerboard surround of 0.6 contrast (replotted from Fig. 2 ). Increments within a checkerboard surround (right panels) have a shallower slope than with any of the uniform surrounds. Consequently, a complex surround is not equivalent to any uniform field.
To insure that observers' measurements did not drift over sessions, Experiment 1 was repeated after the final uniform background condition. There were no systematic changes in the pattern of results.
DISCUSSION
The effect of an inhomogeneous checkerboard surround on increments is not equivalent to a uniform surround of any luminance. The equivalence is closer for decrements, for which an inhomogeneous surround has about the same effect as a homogeneous surround at the same space-averaged luminance. This implies a qualitative distinction between perceptual increments and decrements (cf Heinemann, 1988; Whittle, 1986 Whittle, , 1994 . To our knowledge, this is the first study that specifically considers perceptual matches to increments, and separately, to decrements, using a test that is simultaneously an increment and decrement with respect to parts of its surround. We isolate perceptual increments or decrements with a comparison patch that is either above or below the luminance of its uniform surround. The observer makes a match by setting the luminance of a test within an inhomogeneous surround. The test simultaneously is an increment and a decrement with respect to contiguous dimmer and brighter checks, respectively. This type of stimulus is closer to natural viewing than a test-within-uniform-surround because most surfaces in the real world are neither purely increments nor decrements with respect to the complex scene that surrounds them.
Structure Free Models
Linear Combination Model. No single uniform background is equivalent in effect to a checkerboard background. We now consider how the lights composing the checkerboard may influence the brightness of the test. 
Spatial Frequency Filters. In related work, Walker
(1978) matched an annulus to the bright phase of an enclosed grating. Bright bars appeared brighter at low spatial frequencies, then dimmer (and equivalent to the space-average luminance) as spatial frequency was increased. Green et al. (1976) claim that the twodimensional Fourier spectra of the adapting pattern determine brightness perception, not spatial frequency.* When Chubb et aL (1989) used backgrounds with a spatial filter either one octave below, equal to, or one octave above, the test frequency, the above and below * Kelly (1976) showed that a two-dimensional Fourier analysis of a checkerboard produces major components along the 45 and 135 (leg line. The spatial frequency of the fundamental Fourier components of the checkerboard lie a factor of 1.41 (i.e. x/'2) above the check size. An interesting consequence of this is that the spatial arrangement of a complex display cannot be easily separated into the effects of isolated parts. Zaldi (1990) showed that the diagonal patches surrounding a gray test patch induce the opposite contrast into the test. .... conditions reduced the test contrast by much less than in the equal condition. This indicates that textures of one spatial frequency have less effect on apparent contrast when test and surround are significantly different in spatial frequency.* This led us to consider an account based on spatial filtering. We attempted to model the brightness matches, which equate the appearance of the central test patch and the comparison patch, with spatial filters derived by Wilson and collaborators using contrast sensitivity measurements (Wilson et al., 1983; Wilson, 1991) . This effort was focused on increments because results using decrements are easily accounted for by a very low spatial frequency mechanism (i.e. spatial summation).
Wilson proposes distinct narrowly tuned spatial filters. The responses of five spatial filters were considered, with peak sensitivities at 1.7, 2.8, 4, 8, and 16 c/deg (a sixth filter with peak at 0.8 c/deg was not evaluated because it *Note that while our checks get smaller, our test does not. is insensitive to steady stimuli like those used here). With two-dimensional stimuli, such as the test-within-checkerboard, each filter is described as a one-dimensional difference-of-Gaussians at a particular directional orientation, with exponential fall-off along the other dimension. The filter at a particular spatial frequency is really a set of identically shaped filters repeated at several angles of rotation--for example, oriented at 0, 15, 30 deg and so on (Fig. 9) .
The results of modeling are based on a two-dimensional grid of neural units spaced 1 rain apart over the checkerboard surround and central test field. A modeled response of a neural unit was calculated by convolving the stimulus with one of Wilson's oriented spatial filters centered on the unit. This calculation was done for each neural unit in the central test patch. A rule is required to combine the responses of thousands of neural units within the central patch. We used a simple average of neural responses, ignoring those with small values below a minimal signal to noise ratio (2:1). 
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• 20 UNIFORM SUR. measurements. This filter is closest to the size of the central test patch (2.4 x 2.4 deg). The response of other spatial frequency filters is much weaker. The measurements cannot be fit with an unrotated (vertically oriented) filter [ Fig. 10(b) ] because those filters fail to capture the characteristic shape of a nearly horizontal portion followed by a declining neural response [bold-dashed line, Fig. 3(a) ]. Neural combination rules that maintain separate positive and negative responses (perhaps representing on-and off-pathways) also were inconsistent with the measurements. Nonoriented, circularly symmetric filters also were evaluated but did not fit the measurements.
The modeled neural responses from the 1.7 c/deg filter rotated 45 deg are shown in Fig. 10(c) for all incremental luminance levels of the test-within-checkerboard (re lum 60, 70, 80, 90 and 100) . This filter consistently accounts for the shape of the measurements: a horizontal portion while the test is at or above the level of the most luminous check, followed by a steady decline. More subtle features of the measurements [ Fig. 3(a) ] also appear in the modeled results. The similarity of the modeled and measured curves is particularly striking for naive observer I.B. Note that the neural responses calculated from Wilson's filter have no provision for individual subject differences; the modeled responses are deter- mined without reference to the data. In sum, Wilson's spatial filters can provide a fairly good account of the appearance of perceptual increments for a patch-withincheckerboard that is both an increment and decrement with respect to parts of its inhomogeneous surround.
Models That Incorporate the Structure in the Surround
Check Interaction. While each check may influence the apparent brightness of the test directly, the checks may also interact with each other to alter the checkerboard's overall subjective contrast (Bryngdahl, 1964 (Bryngdahl, , 1966 . This can distort the appearance of the checkerboard by, for example, making the dim checks appear dimmer, or by making the checkerboard's subjective space-averaged brightness appear different than the brightness of a uniform field at the space-averaged luminance.
Each check may exert an inhibitory effect depending upon its excitatory state, as well as have inhibition exerted against it by neighboring checks (Hartline & Ratliff, 1957; Alpern & David, 1959) . Based on Springer's (1978) observation that the brightness of the peaks of sinewave gratings remains relatively constant as contrast increases but troughs appear dimmer, we might expect more luminous checks to exert a greater inducing effect on less luminous checks compared to the effect of less luminous checks on more luminous ones. The inducing effect on the dim checks and the inducing effect on a decremental test would occur simultaneously. Suppose the inducing effect on both a decremental test and the dim checks is the same at each checkerboard contrast. Then the appearance of a decremental test relative to the dim checks might appear to remain constant as contrast increases.
Consider now the effect of surround contrast on increments. The greater inhibitory effect of the more luminous checks on the less luminous checks might f~use the checkerboard's subjective space-averaged brightaess to be lower than the brightness of a uniform field at the space-averaged luminance. If contrast from a subjectively dimmer surround makes a test-within-checkerboard appear brighter, as with a uniform surround, then a comparison patch of the same luminance within a uniform surround at a luminance equal to the spaceaverage of the checkerboard would appear dimmer than the test, which is contrary to the data. If, on the other hand, contrast from a subjectively dimmer checkerboard makes the test appear dimmer (Arend et al., 1971 ) then our results with comparison-patch increments are consistent with this check-interaction hypothesis: raising checkerboard contrast makes the test-within-checkerboard appear dimmer [ Fig. 3(a) ]. It remains unclear, however, whether the appearance of a central patch depends on the appearance of its surround. It may be that the light causing the surround to appear dimmer also acts directly on the center to make it appear dimmer as well. In a series of related experiments, it has been shown that a checkerboard may also compress the gray scale it surrounds (Stevens & Galanter, 1957) . Chubb et al. (1989) compared the contrast of a test within a uniform background to the contrast of a test within a textured background. The test within the uniform background appeared to be of higher contrast (-35%) than the test on the textured background. Our "textured" (i.e. high contrast) background may have dimmed the appearance of the increments (see following just noticeable difference (JND) argumen 0, while not affecting decrements.
Point of Highest Luminance as an Anchor for Brightness. If the stimulus of highest luminance determines the brightness of other lights in view, then changing the contrast of the checkerboard can alter the brightness of increments when, for example, the contrast is raised sufficiently so that a given incremental test-field luminance is no longer the highest luminance in the scene. Decrements, on the other hand, can never be the highest luminance at any contrast. While this explanation is consistent with the qualitative difference between increments and decrements, it is a partial explanation at best because it cannot account for the change in brightness as the size of the checks is varied ( Increments and Decrements. Whittle (1986 Whittle ( , 1992 showed that the brightness of increments and the dimness of decrements increase symmetrically with respect to a given gray surround, until the decrement is dimmer than one half the luminance of the gray surround. Beyond that, dimness increases much more rapidly (also see Vicars & Lit, 1975; and Bodmann et al., 1980) . Our findings are consistent with JND's between such increments not being comparable in size to JND's for decrements* [see related arguments by Titchener (1905); and Johnson (1929) ]. Related bisection experiments have repeatedly demonstrated that the bisection of two luminous surfaces does not occur at the geometric mean (Gage, 1934; Pfanzag, 1959; Stevens, 1961; Luce & Galanter, 1963; Fagot et al., 1966; Stewart et al., 1967; Fagot & Stewart, 1970 ).
Whittle's initial symmetry and enhanced discrimination around a uniform surround have been labeled "crispening" by Takasaki (1966) and Semmelroth (1970 Semmelroth ( , 1971 . However, equally discriminable increments and decrements have been shown to exist only on uniform surrounds (Burkhardt et al., 1984) . When the comparison was an increment in the current experiment (re lum >50) the test could be an increment to one check and decrement to the other. In this case, the test falls into Whittle's "world of shadows" (1986; see his DL range). In our experiment, such increments appeared dimmer than on the uniform surround. However, when the comparison was a decrement (i.e. re lum <50) and the test luminance was set between the two luminances that compose its checkerboard surround, the test did not vary much as checkerboard contrast increased. In this case the dimmer test would be in Whittle's "world of objects" (1986; see his La range). *Michels and Helson (1949) showed that averaging the lightness judgments of any given reflectance on both a white (80% reflectance) and a black (4% reflectance) background would equal the judgment made on a gray (20% reflectance) background. MunseU et al. (1933) distributed an equal number of jnd's (ca 177) above and below a similar gray background level (19.1% reflectance).
Several other experiments with complex scenes agree that increments and decrements behave differently. As illumination varies, decrements remain relatively constant, while increments do not (Arend & Goldstein, 1987 In conclusion, we find that the structure of the surround is critical for understanding brightness contrast because no uniform surround has, in general, the same effect as a checkerboard surround. There are several plausible models of how an inhomogeneous surround affects brightness matches to perceptual increments. Matches to perceptual decrements, on the other hand, are much less affected by the heterogeneity of the checkerboard surrounds. This might be due either to dependence on a spatial average over a large part of the surround, implying a very low spatial frequency mechanism, or, alternatively, to only high spatial frequency mechanisms which are less sensitive to luminance variation across widely separated regions in the surround. Further experiments are required to test the alternative models discussed above.
More generally, we hope this approach can help unify theory of the perception of increments and decrements, and extend it to real-world scenes where most surfaces are neither purely an increment nor purely a decrement.
